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HIGHLIGHTS 


►  When  used  in  Li/MCMB  cells  LiODFB— EMC/SL  electrolyte  exhibit  low  impedance  of  SEI  film. 

►  SEI  film  undergoes  a  smoothing  and  destroying  process  as  cycling. 

►  Compositions  of  the  SEI  film  in  Li/MCMB  cell  with  LiODFB— EMC/SL  electrolyte  contain  at  least  C2H5OLi,  C2H5CO3U,  Li2C03,  RSO3LL  Li2S03,  LiF,  C2H5F 
and  some  complicated  mesh  compounds  based  on  >B-0-  bond. 

►  Impedance  reduction  benefits  from  both  the  rich  existence  of  sulfurous  compounds  and  the  low  content  of  LiF  in  SEI  film. 
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As  a  promising  salt  for  lithium-ion  batteries,  lithium  difluoro(oxalate)borate  (LiODFB)  has  become 
a  research  hotspot  in  recently.  In  this  work,  LiODFB-based  electrolytes  are  studied.  When  used  in  Li/ 
MCMB  (mesophase  carbon  microbeads)  cells,  cell  with  0.9  M  LiODFB-ethyl  methyl  carbonate  (EMC)/ 
sulfolane  (SL)  (1:1,  v/v)  electrolyte  shows  lower  impedance  than  ones  with  0.9  M  LiODFB-EMC/ethylene 
carbonate  (EC)  (1:1,  v/v)  electrolyte.  Reduction  of  impedance  mainly  dues  to  the  fitting  nature  of  solid 
electrolyte  interphase  (SEI)  film  on  carbon  electrode  of  lithium-ion  battery.  The  changing  morphologies 
of  SEI  films  with  increased  circulation  numbers  were  analyzed  by  scanning  electron  microscope  (SEM). 
And  C2H5OU,  C2H5CO3U,  Li2C03,  RS03Li,  Li2S03,  LiF,  C2H5F  and  some  complicated  mesh  compounds  based 
on  >B— O—  bond,  were  found  in  SEI  film  by  Fourier  transform  infrared  spectroscopy  (FTIR)  and  X-ray 
photoelectron  spectroscopy  (XPS).  It  was  believed  that  the  root  of  impedance  reduction  benefits  from 
both  the  rich  existence  of  sulfurous  compounds  and  the  low  content  of  LiF  in  SEI  film. 

Crown  Copyright  ©  2012  Published  by  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Carbonaceous  materials  are  widely  employed  as  the  anodes  in 
lithium-ion  batteries.  Much  effort  has  been  devoted  to  the 
improvement  of  the  reversible  performance  of  these  insertion 
materials  [1],  Besides,  a  passive  film  named  solid  electrolyte 
interphase  (SEI)  film  is  found  on  the  surface  of  the  carbon  electrode 
after  the  charging— discharging  processes.  This  film  plays  a  critical 
role  in  the  performance  of  the  lithium-ion  batteries.  It  has  been 
found  that  the  carbon  material  has  good  cycle  life  and  maintains 
a  high  potential  due  to  the  formation  of  a  good  SEI  film  on  the 
carbon  surface  [2,3]. 

The  quality  and  composition  of  the  SEI  mostly  depend  on  the 
ingredient  of  the  electrolyte  which  consists  of  a  lithium  salt  and 
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organic  solvents.  As  a  prospecting  salt  for  lithium-ion  battery, 
lithium  oxalyldifluoroborate  (LiODFB)  has  been  known  to  strongly 
facilitate  the  formation  of  SEI  film  on  the  surface  of  carbonaceous 
anode  materials  [4-8],  Besides,  it  is  of  many  advantages  as  follows 
[9],  (1)  it  is  more  soluble  than  other  salts  in  linear  carbonate 
solvents  that  are  essential  to  lower  viscosity  and  increase  wetta¬ 
bility  of  the  lithium-ion  electrolytes,  (2)  LiODFB-based  electrolyte 
has  excellent  film  performance  even  in  pure  propylene  carbonate 
(PC),  and  results  in  a  little  irreversible  capacity  at  about  2  V  in  the 
first  cycle  of  lithium-ion  battery  due  to  the  lower  concentration  of 
the  oxalate  group  in  its  molecule,  and  (3)  the  lithium-ion  battery 
based  on  LiODFB  has  good  power  capability  and  low-temperature 
cycle  performance. 

It  was  reported  that  formation  of  SEI  film  is  not  only  due  to 
the  nature  of  salt  selected  in  electrolyte  system,  but  also  affected 
by  solvents  composition  [2],  Therefore,  exploring  of  appro¬ 
priate  electrolytes  in  order  to  improve  the  electrochemical 
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performance  of  SEI  film  for  LiODFB-based  cell  is  of  special 
interest. 

Alkyl  carbonates  such  as  ethylene  carbonate  (EC),  diethyl 
carbonate  (DEC),  methyl  ethyl  carbonate  (EMC)  and  dimethyl 
carbonate  (DMC)  are  among  the  most  important  solvents  for 
electrolytes  of  lithium-ion  batteries  because  they  are  aprotic,  polar 
and  non-volatile  [10].  Sulfolane  (SL)  is  a  common  solvent  known  for 
high  dielectric  constant,  boiling  point,  flash  point,  electrochemical 
stability  and  solubility,  though  it  has  high  melting  point 
(27.4—27.8  °C)  and  high  viscosity  (10.286  mPa  s,  at  30  °C).  So,  in  this 
study,  a  linear  carbonate  solvent  such  as  EMC  was  chosen  to  realize 
advanced  complementation. 

With  help  of  excellent  film  performance  of  LiODFB  itself, 
LiODFB— EMC/SL  electrolyte  has  been  proved  to  form  a  stable  SEI 
film  on  surface  of  cathode  materials  in  our  prevenient  work.  In  this 
paper,  electrochemical  impedance  spectroscopy  (EIS)  two  kinds  of 
cells  respectively  using  LiODFB— EMC/SL  and  LiODFB— EMC/EC 
electrolyte  are  compared.  And  series  of  tests  are  used  to  identify 
compositions  of  the  SEI  film,  to  explain  the  film  formation  process 
and  the  beneficial  ingredients  of  solvent  systems  for  advanced 
lithium-ion  batteries. 


2.  Experimental 

The  negative  electrode  was  composed  of  92  wt.%  meso-carbon 
microbeads  (MCMB)  and  8  wt.%  polyvinylidene  difluoride  (PVDF, 
as  a  binder)  in  JV-methyl-2-pyrrolidone.  Slurry  was  scrawled  on  an 
A1  sheet  and  then  dried  at  90  °C  for  4  h  in  a  vacuum  oven  to  make 
the  negative  electrode.  Metallic  lithium  strip  was  used  as  both 
counter  and  reference  electrodes.  Celgard  PP  (poly-propylene) 
membrane  was  used  as  separator.  0.9  M  LiODFB— EMC/SL  (1:1,  v/v, 
tags  for  a)  or  0.9  M  LiODFB— EMC/EC  (1:1,  v/v,  tags  for  0)  was  used 
as  electrolyte  to  assemble  Li/MCMB  cell  in  an  argon  atmosphere 
glove  box,  respectively. 

EIS  spectra  of  the  negative  electrode  were  measured  in  a  three- 
electrode  cell  (the  negative  electrode  was  used  as  working  elec¬ 
trode  with  the  reaction  area  of  1  cm2,  and  lithium  sheet  was  used 
both  as  counter  electrode  and  reference  electrode)  through 
CHI660C  electrochemical  analyzer  (Shanghai,  China)  at  0.003  V.  A 
sinusoidal  AC  perturbation  of  2  mV  was  applied  to  the  electrode 
over  the  frequency  range  of  100  kHz  to  10  mHz. 

Electrochemical  properties  tests  of  cells  were  carried  out  on 
a  land  cell  tester  CT2001A  (Wuhan,  China)  in  the  voltage  range  of 
0.003—2  V  with  a  constant  current  density  of  0.25  mA  cm-2  at  room 
temperature. 

Negative  materials  were  stripped  off  from  carbon  electrodes, 
washed  with  dimethyl  carbonate  (DMC),  and  dried  at  100  °C  for 
12  h.  Prepared  samples  were  characterized  by  Fourier  transform 
infrared  spectroscopy  (FTIR)  (FTIR-650),  scanning  electronic 
microscopy  (SEM,  JSM-6701F)  and  X-ray  photoelectron  spectros¬ 
copy  (GG314-JPS-9200)  measurements,  respectively. 

3.  Results  and  discussion 

3.1.  EIS  measurement 

Fig.  1  shows  EIS  spectra  of  cells  with  a  or  /?  electrolyte  after 
various  times  of  complete  lithiation  processes  recorded  at 
0.003  V  at  room  temperature.  The  first  overlapped  semicircle  in 
high  frequency  range  stands  for  impedance  of  SEI  film.  As  shown 
in  Fig.  1,  for  the  cell  with  a  electrolyte,  impedance  of  1  cycle  after 
is  a  little  big.  With  a  continuous  modification,  a  pyknotic  and 
conductive  SEI  film  is  formed  after  10  cycles  to  decrease  migra¬ 
tion  resistance  of  Li+  ions.  Therefore,  the  impedance  becomes 


very  small  and  the  cycle  stability  of  the  cell  will  be  improved. 
After  90  cycles,  impedance  of  SEI  film  becomes  big  again,  which 
is  caused  by  the  decomposition  of  SEI  film.  In  the  same  situation, 
impedance  of  the  cell  with  /?  electrolyte  becomes  big  along  with 
cycles,  and  is  always  larger  than  cell  with  a  electrolyte  since  10 
cycles  after.  Results  above  proved  that  the  cell  with  a  electrolyte 
owns  lower  impedance  of  SEI  film  which  presages  a  better  cycle 
performance.  So,  the  following  study  will  be  focused  on 
a  electrolyte. 

3.2.  SEM  measurement 

Fig.  2  shows  the  surface  morphologies  of  negative  electrodes  of 
Li/MCMB  cells  with  a  electrolyte.  It  is  so  roughly  that  nothing 
adheres  to  the  surface  of  sample  without  cycle  (Fig.  2ai  and  a2). 
While  after  1  cycle,  surface  of  the  sample  becomes  smooth  and 
a  loose  SEI  film  is  formed  (Fig.  2bi  and  b2).  And  morphologies 
show  thickness  of  the  sample  is  261  pm,  while  thickness  of  SEI 
film  is  about  23.1—49  nm  (Fig.  2ci).  After  10  cycles  (Fig.  2di  and 
d2),  the  SEI  film  becomes  pyknotic  which  helps  transfer  of  Li+ 
ions.  After  90  cycles,  evident  fissure  emerges  on  the  surface  of 
MCMB  particles  in  Fig.  2ei  and  e2.  It  implies  stability  of  the  SEI 
film  is  destroyed,  the  cycle  performance  of  Li/MCMB  cell  will  be 
reduced.  All  of  these  phenomena  accord  with  results  getting  from 
Fig.  1  that  impedance  of  the  cell  becomes  small  from  1  cycle  to  10 
cycles  after,  and  then  becomes  big  from  10  cycles  after  to  90 
cycles  after. 

3.3.  Component  analysis 
3.3.1.  FTIR  measurement 

Fig.  3  shows  the  FTIR  spectra  of  samples  with  a  electrolyte 
before  and  after  cycles,  respectively.  Characteristic  peaks  of 
negative  materials  on  the  surface  of  negative  electrodes  without 
cycle  nearby  1632.58,  1396.44,  1322.34,  1182.37,  1119.15  and 
882.66  cm-1  (Fig.  3b),  which  are  similar  to  peaks  of  unassembled 
sample  (Fig.  3a)  are  shown  in  the  spectra.  It  indicates  that,  before 
cycle,  no  obvious  chemical  reaction  occurs  on  the  surface  of  MCMB 
particles  without  electric  current.  Except  for  peaks  mentioned 
above,  some  other  peaks  also  emerge  in  curves  of  Fig.  3c  and  d. 
Peaks  at  2928.40  (vsCH2),  2859.18  (vasCH2),  1420.85  (<5asC-CH3), 
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Fig.  2.  SEM  of  graphite  cathode:  ai  and  a2,  uncyded  (magnifying  power  is  5000  and  2000,  respectively,  the  same  as  follows);  bi  and  b2, 1  cycle  after;  ci,  cross  section  of  graphite 
cathode  after  1  cycle  (magnifying  power  is  250);  dt  and  d2, 10  cycles  after;  e!  and  e2,  90  cycles  after. 


2968.01  (PasC— CH3),  2859.18  (usC-CH3)  and  1100  (uC-O)  cm-1 
denote  existence  of  C2H5OLi.  Peaks  at  1639.46  (oasCOO_),  1326.62 
(osCOCT)  and  817.69  (50COCT)  cm-1  prove  existence  of  C2H5C03Li 
[16],  Li2C03  is  found  with  the  characteristic  peaks  at  1420.85  and 
817.69  (<50COCT)  cm-1.  Peak  at  775  cm-1  demonstrates  the  exis¬ 
tence  of  LiF.  Moreover,  some  more  complicated  mesh  compounds 
[4]  than  that  of  (1)  I  and  II  maybe  are  formed  based  on  >B— O- 
(1119.06  cm-1)  bond  [11],  All  of  these  compounds  are  imported  by 
the  decomposition  of  EMC  and  LiODFB.  Possible  mechanisms  are 
exhibited  as  follows: 


(1) 
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electrolyte  for  several  cycles:  (a)  unassembled,  (b)  uncycled,  (c)  1 
cycles  after. 

1  cycle  after,  (d)  10 

Li+  +  F"  ->  LiF 

(2) 

EMC  ->  (C2H5)2C03  (DEC)  +  (CH3)2C03  (DMC) 

(3) 

DEC  +  e  +  U+  — >  C2H5C02-  +  C2H5C03Li/C2H50Li 
+  c2h5-  +  C02 

(4) 

C2H5-  +  F  -►  C2H5F  +  e 

(5) 

H2O  (trace)  +  2e  +  2Li+  ->  Li20  +  H2 

(6) 

2Li+  +  e  +  C02  ->  U2CO3 

(7) 

The  peak  at  1180.75  cm  1  proves  the  existence  of  RSO3LL  Peaks 
at  1180.75  (basS03"M+)  and  1048.38  (dsS03“M+)  cm"1  are  char¬ 
acteristic  absorption  peaks  of  Li2S03,  which  are  introduced  by  the 
decomposition  of  SL  and  LiODFB.  The  possible  mechanism  is  shown 
as  follows: 

CX°  +  e  +  Li®  • — *  Li2S03  +  RS03Li 

(8) 

Possible  equation  (8)  takes  place  at  above  1.5  V,  at  which 
potential  the  equation  (1)  also  takes  place  [12],  The  strong  effects 
between  anion  and  cation  of  these  substances  are  easily  to  result 
in  deposition  of  multilayer  film,  so  that  SEI  film  formed  in  the 
beginning  can  protect  negative  electrode  from  being  destroyed. 
Besides,  as  intensity  of  these  chemical  reactions  are  small,  only 
a  few  Li+  ions  are  consumed,  which  reduces  loss  of  irreversible 
capacity  of  the  cell.  Despite  reduction  products  of  SL  and 
LiODFB  retained  as  a  component  of  the  preliminary  SEI  layer 
on  the  MCMB  surface,  formation  of  the  SEI  film  is  preliminary 
and  unstable,  indicating  that  it  only  plays  a  guide  role  for 
the  follow-up  formation  of  the  SEI  film  (equations  (2)— (7)) 
[12,13], 


When  Fig.  3d  was  compared  with  Fig.  3c,  almost  all  character¬ 
istic  relative  peak  areas  of  C2HsOLi,  C2H5C03Li,  U2CO3,  RS03Li, 
Li2SC>3  and  complicated  mesh  compounds  based  on  >B-0-  bond 
become  big  after  10  cycles,  while  the  relative  peak  area  of  LiF 
becomes  smaller  evidently.  As  LiF  is  a  poor  conductor  of  Li+  ions, 
the  lower  content  of  LiF  helps  to  impedance  reduction  [14],  This 
phenomenon  accords  well  with  the  result  getting  from  Fig.  1  that 
the  impedance  of  cell  becomes  small  from  1  cycle  to  10  cycles  after. 

3.3.2.  XPS  measurement 

Fig.  4  shows  XPS  spectra  of  samples  without  cycle  and  after  1 
cycle,  respectively.  Three  peaks  emerge  at  about  284.8,  286.8  and 
292.0  eV  in  C  Is  spectrum  (Fig.  4a)  for  the  sample  without  cycle. 
284.8  eV  is  characteristic  peak  of  C  Is  of  MCMB,  the  other  two 
peaks  at  286.8  and  292.0  eV  are  C  Is  peaks  introduced  by 
(-C*H2CF2-)„  and  (-CH2C*F2-)„  of  PVDF  [15].  After  1  cycle 
(Fig.  4b),  peaks  nearby  284.4,  284.9,  288.8  and  290.5  eV  corre¬ 
spond  with  C2H5OLi,  C-C,  C2H5C03Li  and  Li2C03  [16],  respectively. 
Formations  of  C2H5C03Li,  C2HsOLi  and  Li2CC>3  make  compositions 
of  SEI  film  link  with  edge  of  MCMB  in  structure,  so  the  SEI  film 
becomes  more  stable,  and  intercalation  and  deintercalation 
capacity  of  Li+  ions  in  the  cathode  are  also  improved.  Besides, 
these  compounds  can  eliminate  the  carbon  chain,  carbon-bear  free 
radicals  and  other  heteroatom,  increase  numbers  of  nanometer 
channels  and  micropores,  which  are  in  favor  of  migrations  of  Li+ 
ions  and  their  storage,  respectively. 

For  sample  without  cycle,  as  shown  in  Fig.  4c,  only  one  peak  of 
C-F  appears  in  F  Is  spectra  (about  689.3  eV,  caused  by  PVDF).  But 
after  1  cycle,  this  peak  disappears  for  the  surface  of  negative  elec¬ 
trode  is  covered  completely  by  formation  of  a  SEI  film,  and  leads  to 
two  new  peaks  emerge  at  687.4  and  684.9  eV.  These  peaks  are 
respectively  corresponded  with  LiF  and  C2H5F  which  are  generated 
from  equations  (2)  and  (5). 

As  shown  in  Fig.  4d,  no  peak  appears  in  the  Bis  spectrum  for 
the  sample  without  cycle.  But  after  1  cycle,  an  obvious  peak 
emerges  at  192.3  eV.  It  denotes  existence  of  complicated  mesh 
compounds  based  on  >B-0-  bond.  These  substances  can  be 
combined  with  reductive  products  of  solvents  (RC03Li  for 
example),  which  will  improve  stability  of  the  SEI  film,  and  provide 
the  SEI  film  tenacity,  uniformity  and  densification  [4,17—19],  As 
a  result,  electrochemical  properties  of  anode  materials  will  be 
greatly  improved. 

As  shown  in  Fig.  4e,  no  peak  appears  in  the  Li  Is  spectrum  for 
the  sample  without  cycle.  But  after  1  cycle,  three  peaks  obviously 
emerge  at  55.5,  53.8  and  56.4  eV.  They  are  characteristic  peaks  of 
LiOCH2CH3,  Li20  and  LiF,  respectively.  The  content  of  LiF  in  SEI  film 
is  only  about  18.36%,  lower  than  that  of  typical  LiPF6-based  elec¬ 
trolyte  (as  high  as  about  20-40%)  [20],  It  helps  to  impedance 
reduction  and  electrochemical  performance  improvement.  It  is 
more  attractive  that  content  of  LiF  will  become  lower  along  with 
cycles,  as  shown  in  Fig.  3. 

As  shown  in  Fig.  4f,  only  one  peak  emerges  at  about  534.2  eV  in 
the  Ols  spectrum  of  the  sample  without  cycle.  It  may  be  caused  by 
C— H,  C— OH,  and  C— 0—  surface  groups,  which  are  formed  by  the 
reaction  between  active  carbon  sites  and  moist  air.  After  1  cycle,  the 
peak  disappears  in  surface  of  negative  electrode  covering 
completely  after  formation  of  a  SEI  film.  Two  new  peaks  emerge  at 
531.7  and  528.6  eV,  which  are  respectively  corresponded  with 
LiOC2H5  and  L^O. 

As  shown  in  Fig.  4g,  no  peak  appears  in  the  S  2p  spectrum  for  the 
sample  without  cycle.  But  after  1  cycle,  three  peaks  obviously  emerge 
at  167.9, 168.6  and  169.3  eV,  which  are  characteristic  peaks  of  RS03Li, 
Li2S03  and  Li2S04,  respectively.  Both  of  RS03Li  and  Li2S03  are 
observed  through  equation  (8),  and  Li2SC>4  maybe  resulted  from 
oxidation  of  L^SCb  during  the  process  of  preparation  or  analysis. 
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Generally,  sulfurous  compounds  are  better  conductors  of  Li+  ions 
than  analogical  carbonates,  existences  of  these  sulfurous  compounds 
in  SEI  film  are  very  helpful  for  impedance  reduction  [12,13], 

4.  Conclusion 

Two  kinds  of  electrolytes  a  and  /?  are  compared,  and  EIS 
impedances  of  cells  with  a  electrolyte  are  lower  than  ones  with 
fl  electrolyte.  After  1  cycle  a  SEI  film  formed  on  surface  of  MCMB, 


and  it  becomes  more  and  more  smoothly  along  with  the  cycling 
procedure.  After  10  cycles,  the  SEI  film  becomes  pyknotic  which 
helps  transfer  of  Li+  ions,  but  after  90  cycles,  fissures  emerge  on  the 
particle  surface  of  MCMB,  so  stability  of  the  SEI  film  was  destroyed. 
Compositions  of  the  SEI  film  with  a  electrolyte  contain  at  least 
C2H5OLi,  C2H5C03Li,  Li2C03,  RS03Li,  Li2S03,  LiF,  C2H5F  and  some 
complicated  mesh  compounds  based  on  >B— O—  bond.  It  was 
believed  that  the  root  of  impedance  reduction  benefits  from  both 
the  rich  existence  of  sulfurous  compounds  and  the  low  content  of 
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LiF  in  SEI  film.  Good  film-forming  property  of  both  SL  and  LiODFB 
formation  of  a  more  conductive  SEI  film,  LiODFB— EMC/SL  electro¬ 
lyte  is  an  excellent  candidate  electrolyte  for  advanced  lithium-ion 
batteries. 
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